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Description 

Field of the Invention 

[0001] This invention relates to a method and an ap- 
paratus for sintering by which a sintered ceramic com- 
pact or a ceramic film having a compact structure (i.e., 
dense structure) can be produced. 

Description of the Prior Art 

[0002] Conventionally, a compact of particulate mate- 
rial for a ceramic, a compact of particles of metal, or a 
ceramic precursor film, is sintered by heating it at a high 
temperature in any one of various ambient gases (arbi- 
trary ambient gases), wherein no additional pressure is 
applied to it. Further, to make the material dense and to 
enhance its mechanical, electrical, magnetic, and opti- 
cal properties, a sintering technique has been devel- 
oped wherein a mechanical force or a force via gas me- 
dia is applied to the material to produce a sintered prod- 
uct made of fine crystal particles. For example, the hot 
pressing method and the sinter forging method are 
known. They each sinter a material while applying an 
axial mechanical force to it. In these methods a pressure 
is applied by a push rod to the material in its axial direc- 
tion while it is being sintered. 

[0003] However, in these methods the surface of the 
material that has contacted the push rod or die is con- 
taminated. Thus, they require polishing or cutting off the 
surface of the material after it is sintered. Thus a high 
cost is necessitated to carry out the process. 
[0004] The hot isostatic pressing (HJP) process is 
known as a method wherein a force is applied to a ma- 
terial via a gas media. Further, there are two methods 
in this process, namely, 1) the capsule HIP method, 
wherein a compact of the material is sealed in an evac- 
uated capsule and then heated in a high-pressure gas 
under the HIP and 2) the capsule-free HIP method, 
wherein a material that has a density equal to or greater 
than 90% of the theoretical density is heated in a high- 
pressure gas. 

[0005] The capsule HIP method has an advantage 
when producing a dense sintered product at a low tem- 
perature and a sintered product that has fine particles, 
due to the effect of the high-pressure gas. However, it 
has a problem in that it requires additional costs and 
time to put the material into the capsule and later remove 
it from the material. Further, although the capsule HIP 
method has another advantage, i.e., to make a large 
amount of material dense at once, it has a problem in 
that it must make the density of the material equal to or 
greater than 90% of the theoretical density by using an 
additional process, i.e., it requires a two-stage sintering 
process. 

[0006] On the methods for producing a thin film, they 
are roughly classified into two methods, namely, the liq- 
uid phase method and the gas phase method, typically 



depending on the initial material. The representative liq- 
uid phase method is the sol-gel method. In this method 
an alkoxide liquid, etc., are mixed to be a predetermined 
composition, the resultant mixed solution is applied to a 
5 monocrystalline substrate such as Si, SrTi0 3 , etc., to 
coat it, and the coated monocrystalline substrate is heat- 
ed in an electric furnace to form a ceramic film. The liquid 
phase method such as this sol-gel method, etc., has an 
advantage in that it can precisely control the chemical 
io composition of a precursor film material at a stage be- 
fore it is heated. However, since the liquid phase method 
requires a heating process at high temperatures to 
make the ceramic film dense, there has been a problem 
of occasionally causing a change in the chemical corn- 
's position of the ceramic film due to the chemical species 
evaporation in the precursor film. Thus the development 
of a sintering method that can make a film such as a 
precursor film, etc., dense at lower temperatures has 
been desired. 

20 [0007] Further, in addition to that problem, it has been 
reported that it causes defects of cracks, etc., in the film 
when heating it, depending on the composition of the 
material of the produced film and on the kind of substrate 
(the kind of material and the roughness of the surface 

25 of the substrate). These defects, which are caused in 
the film during heating, are considered to be caused by 
the great stresses caused in the surface (X-Y plane) of 
the substrate by the shrinkage of the volume of the ma- 
terial during heating. Therefore, the present research 

30 has tried to produce a dense (compact) film by control- 
ling the rate of heating, etc. Although in this case the 
above-mentioned hot pressing method and HIP method 
can be applied to make the film dense, it cannot always 
be a suitable process to make a film dense since it in- 

35 volves some problems such as a pretreatment and re- 
moval of a surface phase of a material. 
[0008] Accordingly, the development of a sintering 
method and apparatus that can easily produce, without 
having said problems, a sintered ceramic compact and 

40 a ceramic film, each of which have a compact (dense) 
structure, has been desired. 

Summary of the Invention 

45 [0009] The inventors of this application have consid- 
ered said problems and have recognized that it is an 
important object to develop a sintering method that can 
apply stresses to a material in a predetermined direction 
without touching it when sintering a compact of particu- 

so late material for a ceramic or of metal particles or a ce- 
ramic precursor film. After a difficult review and re- 
search, the inventors have found that a dense sintered 
compact of a ceramic, a dense sintered metal compact, 
or a dense ceramic film, can be produced by heating 

55 and baking a work while applying a centrifugal force to 
it by rotating it at a high speed, and thus they have con- 
ceived the present invention. 

[0010] The present invention, which has been con- 
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ceived to resolve said problems, is a method for sinter- 
ing a compact made of material of particles of ceramic 
or metal, or a ceramic precursor film by heating and bak- 
ing it while applying a centrifugal force to it. The present 
invention also includes an apparatus for sintering, com- 5 
prising a furnace; a work-holding portion rotatably 
mounted in the furnace for holding material to be sin- 
tered; and rotating means connected to the work-hold- 
ing portion for rotating it so as to apply centrifugal force 
to the material held by it. 

[0011] Accordingly, a centrifugal force is generated 
when the work is rotated at a high speed in the heating 
device. This centrifugal force is applied to a material that 
is attached to the work-holding portion while heating and 
baking the material. Thus stresses are applied to the 
material held by the work-holding portion, thereby hav- 
ing the particles be at the most appropriate degree of 
compaction, while its sintering proceeds. Further, the 
apparatus of this invention may include a vacuum and 
magnetic shielding bearing that rotatably receives the 
work-holding portion. The use of the vacuum and mag- 
netic shielding bearing allows a material to be sintered 
in any one of various ambient gases, such as in a vac- 
uum or an arbitrary, pressurized ambient gas. 

Brief Description of the Drawing 

[0012] Fig. 1 is a schematic view of the embodiment 
of the sintering apparatus of the present invention, 
which uses centrifugal force. 

Description of the Preferred Embodiments 

[0013] Below the embodiments of the present inven- 
tion are explained. 

[0014] This invention contributes to the process of 
making dense a compact of particulate material for a ce- 
ramic or of particles of metal, or a ceramic precursor film. 
The present invention can be applied to sintering oxides, 
nitrides, and carbides, as well as a compact or a film of 
any other ceramic material. It is also applied to material 
of any metal, regardless of whether it is iron or nonfer- 
rous metal. 

[001 5] The subject material for ceramics or the com- 
pact of particles of metal in this invention includes a ma- 
terial shaped in a die and then formed by the CI P form- 
ing, a sheet of material resulting from tape-casting or 
screen-printing, and a material made by laminating such 
sheets. Rotating and heating in a furnace any of those 
materials secured to a disk that is rotated at a high speed 
produces a dense sintered compact. In this way, the 
present invention is technique to produce a dense film 
or a dense sintered compact by applying stresses re- 
sulting from centrifugal force to the material and by heat- 
ing it. Thus the present invention is not limited by the 
kind, size, and thickness of the material, the kind of a 
substrate, etc. 

[0016] Further, about the subject ceramic precursor 



film in this invention, the method to produce it is not lim- 
ited. When the film is produced by the sol-gel method, 
this method may be any one of the dip coating process 
wherein a specified substrate is immersed in a produced 
sol-gel solution, the spin coating process wherein a sol- 
gel solution is applied to a substrate placed on a rotary 
disc, etc. 

[001 7] Although the thickness of the ceramic precur- 
sor film can be controlled by adjusting the viscosity or 
the number of coats of the sol solution, preferably it may 
be within a range from several microns to several tens 
of microns. After being coated, the substrate is dried at 
room temperature or a low temperature (equal to or less 
than 200 °C) and then attached to a disk that is rotated 
at a high speed in a furnace. Thus by applying a force 
of 1 0-700, 000G (a centrifugal force produced by rotating 
the disk at a high speed) to the substrate while heating 
it, a dense ceramic film is produced. 
[0018] The basic principle of the present invention is 
to produce a dense sintered film or compact by heating 
a material to be sintered that is placed on the work-hold- 
ing portion and simultaneously rotating the work-holding 
portion at a high speed, thereby applying a centrifugal 
force to the surface of the material. The centrifugal force 
is preferably 10-700,000G, and more preferably 
1 ,000-1 0.000G. When the diameter of the disc is 8 cm, 
and the material is placed at the periphery of the disk, 
and if the disc revolves at 500 rpm, the force to be ap- 
plied to the material is 22G, if 1000 rpm, 89G, if 1500 
rpm, 201 G, if 2000 rpm, 357G, if 3000 rpm, 804G, if 
5000 rpm, 2236G, if 10000 rpm, 8944G, if 20000 rpm, 
35776G, and if 50000 rpm, 223600G. 
[001 9] These forces are greater than a force normally 
used in sintering by the hot pressing method. Further, it 
has been also theoretically found that those forces are 
effective to make dense a compact made of material for 
ceramics or material of particles of metal. The centrifu- 
gal force enhances the preferable compaction of the 
particles, the elastic deformation of the material by en- 
hancing its diffusion when it is sintered, the viscous flow 
of the material, and the mechanism for making the ma- 
terial dense such as tssolution/extraction, etc., when a 
liquid phase exists. Thus the centrifugal force increases 
the density of the particulate material for a ceramic or of 
a metal and allows the material to be sintered at a low 
temperature. 

[0020] Although the heating temperature is not espe- 
cially limited in this invention, it is preferably 300-1800 
°C, and more preferably 500-1500 °C. The reason is 
that if it is less than 500 °C it is difficult to have the ma- 
terial be diffused, and if it is more than 1500 °C it is dif- 
ficult to achieve the intended effect of the centrifugal 
force, since the rate of the diffusion rapidly increases. 
[0021] The apparatus for sintering of the present in- 
vention is now explained. 

[0022] Fig. 1 is a schematic view of an embodiment 
of the sintering apparatus of the present invention that 
uses centrifugal force. In Fig. 1 the number 10 denotes 
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a gastight furnace having a heating portion 1 for heating 
air or gas and material in the furnace and a cover 6 for 
allowing the access to the inside of the furnace when it 
is opened and for gastightly closing it. The number 2 
denotes a first controller for controlling the temperature 
of the heating portion 1 . The number 7 denotes a work- 
holding portion of a rotary disc 8, which Is mounted in- 
side the furnace 10. The number 5 denotes a vacuum 
and magnetic shielding bearing that rotatabty receives 
the rotary disc 8 and connects it to rotating means 3, 
which is disposed outside the furnace 10. The rotating 
means 3 include a motor (not shown) for rotating the 
rotary disc 8. The number 4 denotes a second controller 
for controlling the number of revolutions of the rotating 
means (motor). 

[0023] The work-holding portion 7 includes an attach- 
ment to which a material to be compacted and sintered 
is secured. The attachment is configure such that the 
material is subject to the radial, centrifugal force due to 
the disc 8 being rotated at high speed. 
[0024] Since the bearing 5 is one that has a vacuum 
and magnetic shielding, the material can be sintered in 
a vacuum or any kind of ambient gas. To resist the high 
ambient temperature, the disc 8 may be made of a ce- 
ramic and may include a ceramic rotary shaft, and the 
bearing 5 may be a water-cooled vacuum and magnetic 
shielding bearing. However, they are not limited to that 
material or system. 

[0025] The heating portion 1 may be a heating unit 
made of an electric resistance material, but is not limited 
to it. 

[0026] The first controller 2 for controlling the temper- 
ature of the heating portion 1 may include, for example, 
a power-controlling thyristor, which can precisely control 
the heating, a programmed temperature controller, and 
a non-contact type infrared thermometer, which can di- 
rectly measure the temperature of a test piece. 
[0027] The second controller 4 for controlling the 
number of revolutions may include, for example, but is 
not limited to, an inverter-driving driver that changes the 
frequency when the motor is an induction motor, or a 
servo-driver when it is a servomotor. 

Examples 

[0028] Below the examples of the present invention 
will be explained, but it is not limited to them. 

Example 1 

[0029] Fine particles of alumina (the mean diameter: 
0.1 jim) are formed as pellets to be supplied as a mate- 
rial to be centrifugally sintered. After a compact of the 
pellets is secured to the work-holding portion 7 of the 
disc 8, the disc is rotated at the rate of 1 0,000 rpm, while 
the compact is being heated to 900 °C at the tempera- 
ture-increasing rate of 10 °C/min. The temperature of 
900 °C is maintained for five minutes, and the temper- 



ature of the furnace is then lowered. A comparative test 
was carried out, wherein the same compact was sin- 
tered in the furnace under the same heating conditions, 
and under the condition that the disc 8 was not rotated. 

5 The relative density (the apparent density/the theoreti- 
cal density [3990 Kg/m 3 ]) of the sintered compact that 
was centrifugally sintered was 95%, while that of the sin- 
tered compact that was not centrifugally sintered was 
75%. It has been found from these results that applying 

10 a centrifugal force to the material while it is heated in- 
creases the density of the sintered material. 

Example 2 

15 [0030] Now, the second example is explained, where- 
in a substrate that is coated by ultra fine particles is cen- 
trifugally sintered. Ultra fine particles of Ti0 2 (the spe- 
cific surface area: about 50 m 2 /g) were put into a solvent 
(the base of which was polyethylene glycol), and its vis- 

20 cosity was adjusted to make a paste. The resultant 
paste was put on a screen, and screen-printing was car- 
ried out on a substrate of silica glass. After that screen- 
printing, the substrate was heated at the temperature of 
150 °C in a drying oven. To increase the thickness of 

25 the coating, the screen-printing and the baking process 
at the temperature of 150 °C were repeated ten times 
each. The resultant substrate was attached to the work- 
holding portion of the centrifugal sintering furnace and 
was rotated at a rate of 1 0,000 rpm while being heated 

30 to 800 °C at the temperature-increasing rate of 10 °C/ 
m in. The temperature of 800 °C was maintained for five 
minutes, and the furnace was then cooled. A compara- 
tive test was then carried out, wherein the same sub- 
strate was baked in the same centrifugal sintering fur- 

35 nace under the same heating conditions and under the 
condition that no centrifugal force was applied to the 
substrate. Although many cracks were visually ob- 
served in the resultant sintered Ti0 2 film that had not 
been centrifugally sintered, no crack was seen in the re- 

40 sultant sintered Ti0 2 film that had been centrifugally sin- 
tered. It has also been found from these results that ap- 
plying a centrifugal force to the coating while it is being 
baked is effective to prevent it from cracking, which 
might have been caused if it were baked with no centrif- 

45 ugal force being applied to it. 

Example 3 

[0031 ] This third example is one to show centrifugally 
so sintering a film that is produced by using the sol-gel 
method (a BaTi0 3 film). To produce a BaTi0 3 film first 
a coating solution was produced. The amounts mixed 
of the material used to produce it were metallic barium 
0.03, titanium isopropoxide 0.03, acetylacetone 7.0 x 
55 1 o 3 , water 0.09, acetic acid 1 .21 , and isopropyl alcohol 
100 (all in mol). Mixing was carried out in a glove box 
after it was evacuated, while dried nitrogen was being 
blown into it. Isopropyl alcohol was put in a flask, and a 
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piece of the metallic barium was then put in the flask. 
The lask was then heated to produce an isopropyl alco- 
hol solution of barium isopropoxide. First a titanium iso- 
propoxide solution was added, and secondarily the 
acetylacetone was added to the isopropyl alcohol solu- 
tion, and they were mixed in a glove box for three hours 
at a temperature of 80 °C. After mixing, an isopropyl al- 
cohol solution of the acetic acid and the water was 
dropped in it. Thus the coating solution was produced. 
A silicon substrate was immersed in the produced coat- 
ing solution and was then raised at the rate of 0.1 mm/ 
s. The substrate was then dried at a temperature of 1 00 
°C. The substrate was subject to that coating process 
five times and the drying process (i.e., heating process) 
five times. The resultant substrate was provided as ma- 
terial to be centrifu gaily sintered. After the substrate that 
had been coated with a film was attached to the work- 
holding portion of the centrifugal sintering furnace, it was 
rotated at the rate of 10,000 rpm while being heated to 
600 °C at a temperature-increasing rate of 10 °C/min. 
The temperature of 600 °C was maintained for five min- 
utes. A comparative test was then carried out, wherein 
the same substrate, which had been coated with the 
film, was sintered in the furnace under the same heating 
conditions and under the condition that no centrifugal 
force was applied to the substrate. The crystal phase of 
each of the resultant films of the two sintered substrates 
was examined by using X-ray analysis. A clear peak of 
a BaTi0 3 crystal was seen in the film that had been cen- 
trifugaliy sintered, but the film that had been sintered 
without applying a centrifugal force to it was configured 
with an amorphous phase. It has also been found from 
these results that applying a centrifugal force to a ce- 
ramic precursor film that has been produced by using 
the sol-gel method, while it is being sintered, is effective 
to prevent it from cracking and peeling, and to crystallize 
it. 

[0032] It should be understood that the embodiments 
described above are exemplary only, and many varia- 
tions can be made to them. Thus the present invention 
includes such variations, and the scope of the invention 
is defined by the attached claims. 



Claims 

1 . A method of sintering a compact of particulate ma- 
terial for a ceramic or of particles of a metal, or a 
ceramic precursor film, wherein the method of sin- 
tering is performed by heating and burning the com- 
pact or the ceramic precursor film while applying 
centrifugal force to the compact or the ceramic pre- 
cursor. 

2. The method of claim 1 , wherein the centrifugal force 
to be applied is 10-700,000G. 

3. The method of claim 1 or 2, wherein the heating and 



burning is performed at an ambient temperature of 
300-1800 °C. 

4. The method of any one of claims 1 -3, wherein the 
5 heating and burning is performed in a vacuum or an 

arbitrary ambient gas. 

5. An apparatus for sintering, comprising: a furnace 
(10); a work-holding portion (7) rotatably mounted 

10 in the furnace (10) for holding material to be sin- 
tered; and rotating means (3) connected to the 
work-holding portion for rotating the work-holding 
portion so as to apply centrifugal force to the mate- 
rial held by the work-holding portion. 

15 

6. The apparatus of claim 5, further comprising a first 
controller (2) for controlling a temperature of the fur- 
nace (1 0) and a second controller (4) for controlling 
the number of revolutions of the rotating means (3). 

20 

7. The apparatus of claim 5, wherein the rotating 
means (3) is disposed outside the furnace (10), and 
the work-holding portion (7) is rotatably connected 
to the rotating means through a vacuum and mag- 

25 netic shielding bearing (5). 

8. The apparatus of claim 5 or 7, wherein the furnace 
(1 0) is gastight and has a cover (6) for providing ac- 
cess to an inside of the furnace and for gastightly 

30 closing the furnace. 
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